The distribution of edge and basal surface areas of phyllosilicate particles is an essential parameter for understanding the interaction mechanisms at solid/gas or solid/liquid interfaces.
Introduction
The particle shape is a fundamental feature of phyllosilicates, which depends on the physicochemical conditions of crystallization growth transport and deposition. In the case of kaolinites, a close relationship was established by Cases and coworkers between crystallinity, size and shape [3, 4] . Phyllosilicates should then be considered as heterogeneous minerals with ²two types of surfaces, basal and edge (or lateral) surfaces (Figure 1 ), having different surface chemistry and properties. Considering particle sizes, many phyllosilicates are naturally found as finely divided particles (clay minerals) with non-negligible specific surface areas. As a consequence, surface properties of phyllosilicates can control porosity, permeability and exchange of contaminants and nutrients in soils and porous rocks. In addition, these minerals find numerous applications, taking advantage of their composition, specific surface area and/or lamellar particle shape. To determine the reactive surfaces of phyllosilicates [5] and understand interaction mechanisms at a molecular level, the distribution between basal and edge faces should then be determined.
Among the several techniques proposed for quantifying dimensions of particles, electron microscopy, such as Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM), is the most widely used technique. These methods based on electron micrographs provide two-dimensional projection that can be further used to derive size, shape and morphological information of the basal faces. It is however sometime impossible to clearly differentiate between agglomerated particles and grains and sample preparation is sometimes very difficult and tedious [6] . Moreover, the determination of particle thickness is limited to the orientation of particles on SEM images and the accurate determination of the complete geometrical features for one particle is prevented from the bidimensional nature of these methods.
Recently, the atomic force microscopy (AFM) has brought an alternative approach to characterize the morphology and the atomic surface or lattice structure of numerous minerals like oxides [2, [7] [8] [9] [10] or clay particles [1, [11] [12] [13] . The great advantage of the AFM technique lies in the potentiality to assess the geometrical features of individual particles from the three dimensional AFM images. Unfortunately, this method requires important running time to obtain high resolution AFM images. Derivation of faces' surface areas and particle volumes become then a priori simple and particle shape analysis of phyllosilicates such as kaolinites was obtained by several authors. Recently, Zbick et al. [14] developed and discussed the AFM method to estimate the aspect ratio of kaolinite particles and compared his results with SEM estimations. Although the AFM approach appears promising for the quantification of basal and edge surface areas, literature results appear scattered, probably because of the distribution of the particle sizes and the low amount of analyzed particles. By using shadowed transmission electron microscopy, Lietard et al. [15] obtained accurate data on particle shape of kaolinite after the analysis of more than 4000 particles. When less particles are taken into account (between 400 and 700, [3] ) the determination of geometrical properties from images is not accurate as this method favors the sampling of the smallest particles in the case of broad particle size distributions. An independent determination technique, less sensitive to the distribution of particle sizes, appears necessary to confirm AFM experimental and interpretation conditions that should be implemented to derive reliable information on geometrical properties of phyllosilicate particles.
Among the other experimental approaches that can be used to determine particle shape of phyllosilicates, Cases and coworkers proposed to take advantage of molecular interactions at solid/gas or solid/liquid interfaces [3, 4, [16] [17] [18] . In this case, the interaction between the surface and the molecules of the first monolayer depends on the adsorption energy of the different surface sites. It was then established by Cases et al. in 1896 [3] that the molecular probe technique is able to distinguish between adsorption on basal and edge faces by using cationic surfactants at the solid/liquid interface or argon at the solid/gas interface. In the case of argon adsorption at 77K, relevant information on particle shape were obtained for many phyllosilicates such as kaolinite, illite, saponite, montmorillonite and lamellar silica and oxy-hydroxides of iron and Mn [1, 3, 10, 19, 20, 21, 22, 23] . In addition, it was demonstrated that N 2 probe cannot be used for the determination of basal and edge surface areas due to the polarizability (inducible quadrupolar momentum) of nitrogen molecules in the presence polar groups (mainly OH) at the mineral surfaces [3, 18, 19] .
In the present study, we investigated the capability of AFM analysis to derive statistically the specific surface areas of clay minerals from routinely AFM measurements. Recent works suggest that the analysis of specific surface areas from AFM is not perturbed by the quality of the recorded images [2, 10] . It is then interesting to record rapidly a large set of particle profiles by routine AFM experiments and to check for the accuracy of derived geometrical information based on results obtained by low pressure argon adsorption and DIS analysis of experimental data. Two non-swelling phyllosilicates were used: illite and kaolinite. Illite and kaolinite are common phyllosilicates that occur classically in sedimentary rocks as pure microcrystals or in interstratifications. In the case of kaolinite, reactive surfaces are mainly located on the edge faces due to the presence of hydrolysable Si-OH and Al-OH sites [24] . For illite, additional sites are present on basal surfaces, which correspond to the cations compensating structural charge defects. The use of one illite and two kaolinites allows then to check for the influence of surface chemistry and particle size distribution when deriving information on geometrical properties.
MATERIALS AND METHODS

Solid preparation
Illite was obtained from Le Puy orebody (France) and was previously studied by Bardot [19, 20] .
It was demonstrated that the exchange of surface cations by sodium or lithium is necessary to derive accurate argon specific surface area and aspect ratio [18, 19, 20] . In the present study, Bardot's results are used and described again to give interpretation keys for Na-illite sample.
Kaolinite Kga2 was obtained from the Source Clays Repository of the Clays Minerals Society [25] and kaolinite Khg (High Gloss) is an industrial sample. Samples were purified and exchanged to Na by sedimentation of coarse particles, carbonate dissolution at pH 5, 80°C
(sodium acetate -acetic acid buffer), 3 exchanges in NaCl 1M followed by several washing and centrifugation cycles to remove excess ions.
The studied samples can be considered as not microporous as t-plot analysis performed on stepby step N 2 adsorption isotherms shows that the samples do not present of significant amounts of micropores.
For microscopy experiments, samples were prepared as follows: 0.2 mg sample material was mixed with 6 ml water and a drop of 0.1 M NaOH and subsequently sonicated for 2 minutes to disperse the clay. The suspension drop was deposited on a glass slide and dried at 50 °C for SEM, AFM and on a copper grid for TEM.
Electron microscopy
The particle morphologies were investigated through scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to check for the characteristic clay morphology. SEM images were obtained using a Hitachi S-2500 microscope equipped with a LaB 6 electron source and TEM images were obtained with a Philips CM20 microscope operating at 200 KV.
Low pressure argon adsorption at 77 K
Low-pressure isotherms of argon adsorption at 77K were recorded on a lab-built automatic quasiequilibrium volumetric set-up [16, 17, 26, 27] . High purity argon (> 99.995%) was provided by Alphagaz (France). Around 1 g of sample was outgassed overnight at 110°C for kaolinite and 200°C for illite under a residual pressure of 10 −4 Pa. After outgassing, a slow, constant, and continuous flow of adsorbate was introduced into the adsorption cell through a micro-leak. The flow rate is constant, at least up to the BET domain, and can be adjusted by the pressure imposed before the leak. If the introduction rate is low enough, the measured pressures can be considered as quasi-equilibrium pressures (in the range of 10 -3 , 3.10 4 Pa) [26, 27] . From the recording of quasi-equilibrium pressure as a function of time, high-resolution adsorption isotherms were obtained with more than 2000 data points for the filling of the first monolayer. Due to the large number of experimental data points, the experimental derivative of the adsorbed quantity can be calculated as a function of the logarithm of relative pressure, ln(P/Po), which corresponds to the free energy adsorption energy expressed in kT or RT units [16, 17, 27] . The derivative adsorption isotherm can then be considered as a fingerprint of the adsorption energy distribution for the considered gaseous probe.
The total derivative adsorption isotherm on a heterogeneous surface can be simulated by using concepts describing adsorption phenomena on heterogeneous surfaces [16] [17] [18] . The adsorption isotherm on a heterogeneous surface formed with different crystal faces can be written as:
where t θ is the total adsorption isotherm, and it θ , are the adsorption isotherms on the different faces of the particle and X i its contribution to t θ . Each crystal face should be considered as heterogeneous and it θ writes:
Where ε is the adsorption energy, Ω is the physical domain of ε , ) (ε shown by Villiéras et al. [16, 17] that derivative forms of equations (1) and (2) can be used to model experimental derivative curves (derivative isotherm summation (DIS) procedure) by using theoretical local isotherms derived from the Langmuir (with Temkin improvement to take into account lateral interactions), BET (with Hill improvement to take into account lateral interactions) [16] and Dubinin-Astakhov [17] formalisms. In the present case, the BET-Hill derived formalism was used as the local it θ isotherm in equation (1) . For each local isotherm, the following parameters are obtained: ω, the lateral interactions between two neighboring adsorbed molecules, ln(P/P 0 ), the position of the peak and Vm, the monolayer capacity.
Atomic force microscopy
AFM images were taken at ambient conditions in air using a commercial microscope (Thermomicroscope Explorer Ecu+, Veeco instrument S.A.S). To adhere single clay particles onto a glass substrate, the suspension drop was deposited on pre-heated clean glass slides and subsequently dried (50°C, 1 h.). Different operation modes were used to achieve the AFM The specific surface areas were calculated by using the procedure developed initially by Bickmore et al. [12] and recently extended by Jodin et al. [2] . Both methods cutout the particle in different horizontal slices with constant thickness and measured the corresponding perimeter P z [28] , the area A z , at the z j height level. From these results, two calculation methods were tested which consider either the whole particle or the top half of the particle. In the case of the whole particle (denoted w), the following equations were used to quantify the basal specific area BSA and edge specific area ESA of each i particle:
where z top is the maximum height measured, z o the background level, and ρ the density of clay (ρ= 2.62 g/cm 3 ). In the case of the half particle method (denoted h), the specific surface areas were calculated according to: A are the edge and basal area for each i particle that corresponds to the equations (3) or (5), and (4) or (6), respectively. m i corresponds to the mass of an individual particle that corresponds to the mass of the bottom of the same equations.
RESULTS
SEM and TEM Results
Illite SEM images (figure 2a, left) show that particles are arranged in spherical agglomerates.
This arrangement results probably from water evaporation during the drying process. As a Typical morphologies of kaolinite particles are shown in Figure 2b and 2c, which clearly evidence the heterogeneity in particle sizes. As for illite pseudo hexagonal basements are obtained and this is also the expected shape for crystallized kaolinites [29] . Typical particle sizes can be estimated from SEM and TEM images and are given there only for indication because of the size heterogeneity and the low number of measured particles. Sizes measured from SEM range between 500 and 350 nm for Kga2 and between 620 and 480 nm for Khg. Indicative averaged lengths, obtained from TEM on 10 particles, are very similar for the two samples, around 435 nm. Figure 3 shows the derivatives of argon adsorption isotherms with their DIS decomposition. DIS modeling parameters are collected in Table 1 .
Low-pressure argon adsorption results
As usually observed for argon adsorption on phyllosilicates, the three derivative curves present common features [4, 16, 19, 30] : a peak at medium energy, corresponding to the adsorption on basal faces, a shoulder and a tail at high energy (left hand side of the derivatives) assigned to the adsorption on edge faces and an exponential increase at low energy corresponding to low energy adsorption sites and multilayer adsorption. The decomposition of the derivative adsorption isotherms reveals the following trends:
For illite, 5 adsorption domains are required to model the experimental curve [18, 19, 20] . The three high energy domains, with a major peak located at ln(P/P 0 ) around -6.95, are assigned to the adsorption on edge faces. The two low energy domains with a major peak located at ln(P/P 0 )
values around -4.3 correspond to the adsorption on basal faces [19, 20] . Taking into account a 13.8 Å 2 cross sectional area [31] for adsorbed argon, the surface areas derived from adsorbed amounts on corresponding domains are 38 m 2 /g and 133 m 2 /g for edge and basal faces, respectively.
The derivatives obtained for kaolinite samples exhibit the same features: the broad peak corresponding to the adsorption on basal faces is centered on -3.90 and is modeled with two domains (1 and 2). The basal specific surface areas derived from the two domains are 17.7 and 14.5 m 2 /g for Kga2 and Khg, respectively. The high-energy part, corresponding to the adsorption on edge faces, is modeled with 3 domains (domain 3 to 5) and calculated surface areas are 3.0 and 2.4 m 2 /g for Kga2 and Khg, respectively.
To estimate the mean particle dimensions of illite and kaolinite, the particles were modeled as perfect regular plates with hexagonal basements. Using particle density ρ and the basal and edge surface areas, the thickness (h) and length (l) of the particles were calculated using the following equations:
The calculated thickness are small for illite particles, 6 nm, and large for kaolinite particles, 43
and 53 nm for Kga2 and Khg, respectively. Mean lengths are 40, 508 and 636 nm for illite, Kga2
and Khg, respectively and are in good agreement with the information derived from SEM and TEM micrographs.
AFM results
Previous studies demonstrated the relevance of the AFM investigation to quantify the geometrical features of individual particles. From the AFM images, the geometrical features of each particle could be extracted by using the two methods described below (see materials and methods). 147, 257 and 154 particle profiles where analyzed for illite, Kga2 and Khg, respectively (Figure 4 ), without deconvolution procedure to remove tip-sample interaction artifacts in order to minimize the number of calculation steps [2] and to check for the feasibility to derive specific surface areas from raw AFM data. In addition, no particle selection was performed to respect as soon as possible the statistical particle size distribution of the sample.
The respective histograms for individual particles of total specific surface area ( Figure 5 ) for the two calculation methods demonstrated slight differences following the consideration of whole or half of the particle. The three histograms present relatively narrow lognormal distributions for the three samples ( Figure 5 ). The comparison of maximum modes observed on these distributions with the weight-averaged total specific surface area indicated on the figure by open and filled circles revealed the heterogeneity in sizes of the analyzed particles. This comparison shows that Kgh sample is the most heterogeneous one. In fact, such variation is induced by the sensitivity of the method in the number of slice considered in the calculation; in our case approximately ten slices were considered.
Discussion
The use of argon as molecular probe allows to determine adsorption energy distributions which can be used to derive geometrical properties, specific surface area and main face distribution, of crystallized solids [19, 20, 21] . In the case of Khg, AFM TSA derived from half or whole particle calculation methods are systematically overestimated when compared to argon ( Table 2) . As observed by TEM and SEM this probably results from the broad particle size distribution of this sample, which prevents AFM imaging in the whole size range as suggested by the AFM surface area distribution of figure 5 . In the present case the imaging technique was in favor of small particles, and thus of high specific surface areas. As a consequence, mean particles sizes derived from the two techniques are also different ( Table 3 ).
The AFM results for illite and Kga2 compare much better with argon adsorption results (Table 2) whatever the calculation method (half or whole particle). Argon TSA of illite, ranges between half and whole particle AFM total surface areas. For Kga2 the AFM results are only slightly lower than argon result. For these two samples, mean sizes derived from both techniques are also in good agreement ( Table 3) . As already demonstrated for kaolinites, this show that AFM can be used to estimate specific surface areas of very small clay particles as it is the case for illite.
However, calculated specific surface areas do not allow choosing for the appropriate AFM calculation method. The comparison of geometrical indexes can be used for that purpose. Indeed, for the illite and Kga2 it is possible to obtain AFM ESA/TSA ratios consistent with the values measured by argon adsorption. In that case, the reliable calculation method is determined without ambiguity: half particle method for illite and total particle procedure for the kaolinite. It can be pointed out that in the case of Kga2, the best calculation method to derive ESA/TSA gives also the closest argon and AFM TSA. In addition, the obtained 0.14 ratio is also in good agreement with the results of Sutheimer et al. [29] , Zhou et al. [32] and Bickmore et al. [12] who measured 170, 170 and 77 Kga2 particles, respectively. In the three cases, reported ESA/TSA where 0.18, calculated with whole particle method without tip deconvolution by Sutheimer et al. [29] and Zhou et al. [32] and the half particle method with tip deconvolution by Bickmore et al. [12] . The mean height of Kga2 determined to 41nm by Sutheimer et al. [29] and Zhou et al. [32] is also in good agreement with our results obtained with argon and AFM whole particle method (Table 3) .
Although the total specific surface area of Khg was overestimated, its ESA/TSA ratio was interestingly reliable by using, as for Kga2, the whole particle method.
The fact that comparable ESA/TSA can be obtained from argon and AFM for Khg suggests that particle shape does not depend so munch on particle size distribution, i.e. that the shape of big Khg particles, not analyzed by AFM, is close to the shape of the small Khg particles. The independence between particle size and particle shape was analyzed for the three samples by plotting basal surface area of each particle as a function of its total surface area, by considering geometrical surface areas which favors big particles ( 
Conclusion
The present study shows that excellent agreement can be obtained between the routine AFM and argon adsorption determination of total, basal and edge surface areas of non swelling clay minerals. For samples having broad particle size distribution argon adsorption is more accurate than AFM because of the huge amount of particles in the adsorption system: in the present study, around 1.9 10 15 and 1.2 10 13 and 2.5 10 14 particles for illite, Kga2 and Khg, respectively. The advantage of AFM is that it enables to obtain distributions of surface areas and other parameters and informs on particle size and surface heterogeneities. In addition, AFM is more popular and accessible than low pressure gas adsorption. It seems then useful to propose guidelines for usable and accurate implementation of the AFM approach to derive geometrical properties of clay minerals. Concerning the calculation method, the present study confirms that tip deconvolution that is time consuming is not obligatory. The main question concerns the choice between half and whole particle calculation methods. It seems that whole particle method should be used for big particles as it is the case in other studies with kaolinite. For small particles such as the studied illite half method is the recommended method. Whatever the particle size heterogeneity, accurate AFM TSA is not critical to derive accurate aspect ratio. This aspect ratio can be estimated by considering the slope between total and basal surface area (as in figure 6a , b, c). The comparison with total and basal specific surface areas (Figure 6d , e, f) provide also a good indication on the dependence between particle size and particle shape. The AFM specific surface area can be independently validated and precised by using conventional gas adsorption setups (nitrogen BET) which are much more popular and easy to find than low pressure quasi-equilibrium gas adsorption devices. , expressed in terms of particle geometrical areas (a, b and c) or particle specific surface areas (d, e and f) by using half particle calculation method (illite) and whole particle calculation method (kaolinites). , expressed in terms of particle geometrical areas (a, b and c) or particle specific surface areas (d, e and f) by using half particle calculation method (illite) and whole particle calculation method (kaolinites).
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